The objective of this study was to investigate the macroscopic spray characteristics of different 0%-100% blends of biodiesel derived from drainage oil and diesel (BD0, BD20, BD50, BD80, BD100), such as spray tip penetration, average tip velocity at penetration, spray angle, average spray angle, spray evolution process, spray area and spray volume under different injection pressures (60, 70, 80, 90, 100 MPa) and ambient pressures (0.1, 0.3, 0.5, 0.7, 0.9 MPa) using a common rail system equipped with a constant volume chamber. The characteristic data was extracted from spray images grabbed by a high speed visualization system. The results showed that the ambient pressure and injection pressure had significant effects on the spray characteristics. As the ambient pressure increased, the spray angle increased, while the spray tip penetration and the peak of average tip velocity decreased. As the injection pressure increased, the spray tip penetration, spray angle, spray area and spray volume increased. The increasing blend ratio of biodiesel brought about a shorter spray tip penetration and a smaller spray angle compared with those of diesel. This is due to the comparatively higher viscosity and surface tension of biodiesel, which enhanced the friction effect between fuel and the injector nozzle surface and inhibited the breakup of the liquid jet.
Introduction
Traditional fossil fuels are non-renewable and expected to eventually be exhausted in a few decades. In addition, burning fossil fuels generates a large amount of pollutants exacerbating environmental degradation [1] . Therefore, finding economically viable and sustainable alternative fuels has become an essential issue. Among the various alternative fuels, biodiesel is the most popular [2] . Both the academic and industrial worlds have paid great attention to biodiesel fuels-produced from animal fats, vegetable oils and discarded biological oil (drainage oil) [3] -because is a clean and renewable fuel with reduced soot and nitrogen oxides (NOx) emissions by virtue of its high oxygen content [4] . However, in comparison to conventional diesel biodiesel is hardly atomized because of its intrinsic higher surface tension and viscosity. To improve these properties, biodiesel is currently blended with diesel. Moreover, biodiesel fuel blends offer significantly higher lubricity [5] and can be used without modification of the engine [6] . The quality of the fuel-air mixture, which in turn determines the combustion process and emission characteristics, depends on the spray characteristics of the biodiesel-diesel blend [7, 8] . Due to their different microstructure and physical properties biodiesel differs from conventional diesel fuel in some key characteristics such as spray tip penetration, spray cone angle and spray area. There have been many investigations into the spray characteristics of biodiesel and its blends with diesel.
It was suggested by most researchers that the physical properties of liquid fuel were the intrinsic factors affecting its spray characteristics [9] [10] [11] [12] [13] . Boggavarapu et al. [9] reviewed the effect of fuel properties on the atomization process for both biofuels and fossil fuels and summarized that biodiesel sprays showed faster penetration and narrower spray plume angles and larger droplet sizes as compared to diesel. Battistoni et al. [10] investigated spray simulation results, indicating that among the properties affecting the spray characteristics, density and viscosity played the most important roles. Diesel fuel provided a significantly higher penetration and lower cone-angle compared with biodiesel in a convergent conical nozzle. Wang et al. [11] compared the spray characteristics of biodiesel and diesel under ultra-high injection pressure conditions. They found that biodiesel presented longer spray tip penetration, smaller spray angle, projected area and volume than diesel spray, but larger Sauter mean diameter (SMD) due to its higher viscosity and surface tension. Yoon et al. [12] and Yuan et al. [13] reported that the temperature had a great influence on the physical properties of biodiesel. Compared to the fuel properties, the control parameters such as injection pressure, ambient pressure and blending ratio had more significant influence on the spray behavior in practice. Pan et al. [14] presented an experimental study on the spray and combustion process of diesel engines fueled by biodiesel. They found that with the increase of injection pressure both the spray cone angel and the spray penetration of biodiesel increased, and the spray atomization improved. A similar study was conducted by Agarwal et al. [15] . They observed a longer spray tip penetration and larger spray area with an increase in fuel injection pressure in a biodiesel fuelled common rail direct injection diesel engine. Delacourt et al. [16] studied the effect of injection pressure reaching 250 MPa on the macroscopic spray characteristics for a high pressure range using optical techniques. They found that an increase in injection pressure resulted in increased spray-tip penetration. However, the diesel spray angle remained nearly constant regardless of the injection pressure increase. The effect of ambient pressure on the macroscopic spray characteristics was investigated by Agarwal et al. [17] . The results showed that with an increase in ambient pressure, spray tip penetration decreased, while cone angle and spray area increased. The spray tip penetration, cone angle and spray area increased with the increase in mixing ratio of biodiesels because of fuel density differences. Kim et al. [18] also suggested that the ambient pressure had a significant effect on the spray characteristics of biodiesel and dimethyl ether (DME) under various experimental conditions and found that the spray tip penetration and spray area decreased as the ambient pressure increased. To compare the different spray characteristics of diesel and biodiesel, Chen et al. [19] conducted atomization experiments with diesel and biodiesel, resulting in longer spray tip penetration and larger droplets for biodiesel compared with diesel, which were believed to be caused by the relatively higher viscosity and surface tension of biodiesel. Mohan et al. [20] investigated the spray characteristics of biodiesel and its blends compared with diesel fuel. Biodiesel showed higher spray tip penetration and velocity, but narrower spray angles, and the ambient pressure had a more significant effect on spray angle while injection pressure showed no contribution. Lee et al. [21] investigated the effect of the biodiesel mixing ratio on the atomization and combustion characteristics using a common-rail engine system, and found that due to the higher viscosity and surface tension of the biodiesel than conventional diesel fuel, the mean size of the droplets increased as the ratio of biodiesel in the blends became higher. However, spray tip penetration was little influenced by the biodiesel mixing ratio. Gao et al. [22] compared experimental and simulated spray characteristics results, including the macroscopic and microscopic spray properties of three different biodiesels and blends. The authors concluded that with increasing concentration of biodiesel in the fuel, spray penetration and spray speed increased, while the spray cone angle decreased. Simulation results presented similar macroscopic spray characteristics as the experimental results for biodiesel. The blend fuels showed a larger SMD than diesel due to the higher viscosity and surface tension of the biodiesel. An investigation of the spray characteristics of biodiesel and diesel in a high pressure chamber (an effective device to simulate the engine environment) was performed by Srichai et al. [23] . The results showed that the spray tip penetration of biodiesel was longer than that of diesel. It also suggested that the effect on the spray mixture formation was stronger with increasing the density and viscosity of biodiesel. Desantes et al. [24] established a model predicting the spray axis velocity and spray tip penetration with a series of assumptions. It was based on momentum flux conservation along the axis, and the model was validated by experimental results.
Many studies have been conducted to evaluate the effects of a single or two factors such as injection pressure or ambient pressure on the spray characteristics of biodiesel and diesel, while a systematic investigation of the spray characteristics of different mixing ratios of biodiesel and diesel under various injection pressures and ambient pressure are not fully clarified. Therefore, the aim of this work was to investigate the macroscopic spray characteristics of biodiesel and its blends with diesel under various injection pressures and ambient pressure conditions. The characteristics like spray tip penetration, average tip velocity at penetration, spray angle, average spray angle, spray evolution process, spray area and spray volume were used to understand the spray characteristics of biodiesel and its blends, which may provide some guidance and advice for practical applications of biodiesel-diesel blended fuels. The spray characteristics were measured using a spray visualization system in a common rail system equipped with a constant volume chamber.
Experimental Apparatus and Procedures

Experimental Apparatus and Methods
All experiments were conducted at room temperature. The experimental setup for investigating the biodiesel-diesel blends spray is shown in Figure 1a ,c. The experimental equipment consisted of a high-speed photography system and a high pressure injection system. The high-speed photography system was composed of a high speed camera, data acquisition-processing and continuous laser light source. The high speed camera was used to record the spray images (896 × 848 pixel). The imaging speed was set to 10,000 fps (frame per second) with exposure time of 1/20,000 s. The high pressure injection system consisted of an air compressor, common rail system, fuel injector, single-hole injection nozzle, constant volume chamber and ambient-pressure source. The common rail system supplied the highly pressurized fuel. The injector injected the fuel in the constant volume spray chamber (350 mm × 350 mm), which was made of stainless steel and designed to withstand pressures up to 4 MPa, as shown in Figure 1d . A safety valve, pressure gauge and fuel injector were installed on the top of the chamber. There were four optical round windows (10 mm × 110 mm) bolted onto the constant volume spray chamber with the help of flanges, which were used for optical measurements and capturing the images under various experimental conditions. The ambient pressure in the chamber was provided using nitrogen gas. As shown in Figure 1e , the test injector had a 0.3 mm nozzle diameter at 700 μs pulse injection duration and was operated by an injector energizer. The laser light was placed perpendicularly to the high speed camera. The polarized light was obtained from the laser light beam by using a polarizer, and went through the axis of the nozzle. During the spray experiments, the polarized light passed through the cone spray, and the lightened area was the scope of photos taken by the high speed camera. The spray time started with the first visible spray picture, and ended with the last visible spray picture before separating the injector hole. All images of one complete injection event were captured by the high speed camera in three seconds. Certain images presenting the spray process were from all the recorded images and were processed in the computer with an image analysis program to obtain the spray characteristic data. 
Fuels and Working Conditions
In order to investigate the spray behavior of the biodiesel-diesel blends used in the experiment, biodiesel derived from drainage oil, diesel and biodiesel-diesel blends were used as test fuels. The selected blend ratios were BD0, BD20, BD50, BD80 and BD100 on a volume basis of biodiesel in a biodiesel-diesel fuel mixture. They correspond to 0% biodiesel-100% diesel fuel (BD0), 20% biodiesel-80% diesel fuel (B20), 50% biodiesel-50% diesel fuel (B50), 80% biodiesel-20% diesel fuel (B80), and 100% biodiesel-0% diesel fuel (B100), respectively. Predetermined volumes of the fuels were homogenized by a magnetic stirrer for ten minutes. Then, the final blends were kept in a graduated glass vial for observing the solubility and the physical stability. None of the blends showed any precipitation or stratification. The main properties of the biodiesel and diesel are listed in Table 1 . Injection pressures were changed from 60 to 100 MPa in 10 MPa steps. Ambient pressures of 0.1, 0.3, 0.5, 0.7 and 0.9 MPa were employed. Table 2 lists the working conditions used in the present study. The fuel injection quantities for each injection pressure under the ambient pressure 0.1 MPa were measured, and the data is listed in Table 3 . 
Results and Discussion
Spray Tip Penetration
Spray tip penetration was defined as the distance between the nozzle tip and the farthest axial location of the spray boundary, as shown in Figure 2 . A certain threshold value of light intensity was selected to demarcate the spray boundary, thus the spray tip penetration and spray angle could be measured. Spray tip penetrations for biodiesel and diesel are illustrated in Figure 2a -j, where Figure 2a -e were at a blend ratio of BD80, Figure 2f-j were under a certain injection pressure of 80 MPa. As time elapsed, all the tip penetrations increased after being injected by the injector, with a trend of rapid growth during the early injection stage followed by a gradual smoothing process later on. The evolution of the spray tip penetration was similar to the trend predicted by the equation of Delacourt et al. [16] . The uncertainty quantification is presented in the curves in Figure 2a -e. To obtain the data of the uncertainty quantification, the penetration of BD80 was measured three times for each similar condition. The results showed that the dispersion from the mean value for all the repeated experiments was within 5%.
Higher injection pressures contribute to an increase in penetration, leading to a longer tip penetration for the same elapsed time. There were significant differences between the penetration values under different injection pressures. For a given ratio of fuel under all the ambient pressures, the spray tip penetration for an injection pressure of 100 MPa was the longest, which might be due to the higher momentum produced by a high discharge coefficient from the nozzle exit, and the shortest was for 60 MPa. Under ambient pressure of 0.1 MPa, the approximate longest spray tip penetration at 1.5 ms after injection was 160 mm and the largest gap was about 40 mm, and values of 120 mm and 20 mm, respectively, occurred under an ambient pressure of 0.9 MPa. As the ambient pressure increased, the spray tip penetration decreased significantly, and the difference between penetration under different injection pressures was reduced slightly. The air density in the constant volume chamber increased with the raising ambient pressure, resulting in higher shear resistance to the droplet velocity near the tip of the spray, which led to the reduction of spray tip penetration. At a certain injection pressure, the spray tip penetration showed a similar pattern as the blend ratio increased. However, there was a slight trend under ambient pressure of 0.1 MPa and 0.3 MPa, whereby BD100 showed a shorter tip penetration compared with other fuels, while BD20 showed a longer one. The shorter penetration of BD100 may be because of the decreasing velocity of biodiesel exiting the nozzle compared with the other fuels resulting from the increasing friction effect between the fuel and the injector nozzle surface, caused by the relatively higher viscosity and surface tension of biodiesel. The longer tip penetration of BD20 may be attributed to the better lubricity at an appropriate blend ratio. Despite the inconspicuous differences in spray tip penetration at different blend ratios, they were similar for BD0 and BD20 under all conditions. We compared the spray tip penetration of diesel measured by us with the experimental results of Lee [25] under the ambient pressure of 0.1 MPa and 60 and 80 MPa injection pressure, and the results are presented in Figure 3a . They indicated that our experimental spray tip penetration showed a similar evolution trend as Lee's, and the results we measured were a little shorter than Lee's, which may be caused by the different light intensity threshold values. Based on these results, it can be seen that the spray tip penetrated faster with a higher injection pressure under a certain ambient pressure. Figure 3b shows a comparison between our experimental spray tip penetration results for diesel and the results predicted by Hiroyasu and Arai using empirical equations [26] . The comparison was at 60, 70, 80, 90, 100 MPa injection pressure and 0.3 MPa ambient pressure. We can see that the measured spray tip penetration was shorter than that suggested by Hiroyasu and Arai [26] for the initial spray injection time for the first 0.4 ms after the start of injection, while the experimental results were larger after 0.6 ms. The experimental results of the whole penetration also showed a similar trend with the empirical equation values suggested by Hiroyasu and Arai. Equation (1), given by Naber and Siebers [27] , concerns the non-dimensional penetration versus non-dimensional time:
In the correlation, n is a model constant, s  and t  are the dimensionless penetration and dimensionless time, respectively, defined by Equations (2) and (3): 
where ρl and ρg are the fuel and gas density, do is the nozzle diameter, Ca is area-contraction coefficient, Vinj is the injection velocity, θ is the spray angle. Through this non-dimensional correlation, we compared experimental results from different diesel equipment for under an injection pressure of 70 MPa and four ambient pressures (0.1, 0.3, 0.5, 0.7 MPa). Figure 3c shows the comparison of penetration for our results (symbols), results (solid lines) quoted from Roisman [28] , and the results (dashed lines) obtained from Equation (1), showing good agreement.
Average Tip Velocity at Penetration
The fluctuating injection pressure caused by the needle movement and time inside the high-pressure pipeline produced a fluctuation of spray tip speed [22] . Because of the resulting variation in velocity in the axis of travel like instantaneous speed, the average spray velocity, which could be easily obtained, is discussed in this study.
The average tip velocity at penetration for BD80 is presented in Figure 4a -e, which were obtained by the specific value of difference in penetration and time interval between two consecutive spray images. The average spray velocity showed a sharp increase up to about 200 m/s following the start of injection. Then it decreased rapidly to 20-40 m/s after the peak velocity and finally remained stable after 1.3 ms. This trend can be easily observed in Figure 4 . For the process after the peak value, the trend of spray velocity was consistent with the predictions proposed by Delacourt et al. [16] . Regardless of the similar stable phases, the average spray velocity roughly increased with the increasing injection pressure, which acted as the source of spray kinetic energy providing the penetrating power. Comparing the curves under different ambient pressures, it can be noted that the average spray velocity decreased for all the injection pressures with the increase of ambient pressure. This can be attributed to the fact that with the increase of the ambient pressure, an increase in chamber air density resulting in a higher resistance to the spray evolution was observed. The fluctuating injection pressure generated by the moving grids from needle opening to closure may be the reason why a few sudden decreases appeared at the peak values. The regained high speed could be from the collision between the subsequent spray droplets with high kinetic energy and the previous spray droplets.
The time-averaged tip velocity at penetration for BD80 is presented in Figure 4f , which was obtained by the average of all the average tip velocity at penetration under the same condition. As clearly shown in Figure 4f , the time-averaged tip velocity at penetration increased with the increasing injection pressure and decreased as the ambient pressure became higher, indicating that the tip velocity was accelerated by the injection pressure and hindered by the ambient pressure.
Spray Angle
The spray angle is defined as the angle between the two tangent lines which delineate the approximate spray boundaries at half of the tip penetration from the discharge orifice [18] , as shown in Figure 1b . The spray angle is an important parameter to assess the spray quality, as it represents the spray development in the radial direction. Considering the fact that the spray angle during a pulsating injection kept quite stable with elapsed time, only the spray angle for BD80 under three ambient pressures (0.1, 0.5 and 0.9 MPa) is shown in Figure 5 . Due to the quite stable spray angle, the trend of spray angle was same as that of the average angle, which would be discussed subsequently. 
Average Spray Angle
The average spray angle is the average of all the angles obtained from the effective images during a pulsating injection. The average angle for biodiesel and blends with respect to diesel spray for all conditions is illustrated in Figure 6 . For all the blend ratios, the average angle increased slightly with an increase in injection pressure, but significantly with the increasing ambient pressure. The increasing injection pressure strengthened the spray dispersion and secondary pulverization, which promoted the spray process both in the axial and radial directions. However, the advance along the axis was conspicuously faster than the radial spread, resulting in a slight increase of spray angle. The increase of pressure in the constant volume chamber led to a higher ambient density enhancing the resistance to fuel spray. Therefore, the spray development in the axial direction was severely inhibited [29] , which forced the ever-increasing mass flow to spread in the radial direction, leading to a remarkable increase in spray angle.
Comparing the curves for different fuels, the average spray angle decreased slightly as the ratio of the biodiesel became higher, and the spray angle of BD100 remained the smallest under all conditions. The comparatively higher viscosity and surface tension of biodiesel compared with that of diesel contributed to the trend through preventing the breakup of the liquid jet. The viscosity and surface tension of the blend fuels increased in accordance with the mixing ratio of the biodiesel, thus it was more difficult to atomize the blends. Therefore, the extension in the horizontal direction was impeded, resulting in a slight decrease in the spray angle.
Spray Evolution Process
The spray evolution and development of all fuels after start of injection (SOI) under all conditions are arranged in Figure 7 , where the effect of blend ratio, injection pressure and ambient pressure are presented in Figure 7a -c, respectively. The spray penetrated along the axis in a downward direction from the nozzle tip with the elapsed time, accompanied by the growth of spray tip penetration and spray area. As shown in Figure 7a , the spray characteristics for different blend ratios developed similarly with the elapsed time, and reached a stable stage at the similar time. The angle of BD0 and the tip penetration of BD20 were a little larger compared with the other fuels, due to the higher viscosity and surface tension of biodiesel leading to a smaller spray angle. This indicated that the blend ratio had little influence on the spray morphology. Figure 7b shows that the spray tip penetration and spray area evolved faster with a higher injection pressure resulting in a better atomization quality. This was because disintegrated small droplets gained higher momentum at higher injection pressures, which induced an extension of the spray area primarily due to the longer spray tip penetration.
From Figure 7c , we can see that the ambient pressure had a significant effect on the spray characteristics. The spray shape became remarkably shorter and wider as the ambient pressure increased. This was because that the increased ambient pressure raised the ambient gas density, which enhanced the resistance against penetration resulting in the shorter penetration. As discussed previously, while the jet penetrated slower, the rapid increase of flow forced the atomization to extend in radial direction, then the spray angle increased significantly. Under the ambient pressure 0.1 MPa, the penetration reached stability after 0.8 ms, while that time was delayed to about 1.5 ms under 0.9 MPa. It was obvious that the stable stage was delayed with the increasing ambient pressure.
Spray Area
The spray area is the area covered by the spray in the effective images, which can be employed to reflect the quality of fuel-air mixing [13] . The spray area was obtained from the sum of the total effective pixels, and the spray area for BD80 is shown in Figure 8 . The abscissa axis was set as spray tip penetration instead of time after SOI for the purpose of eliminating the influence of injection timing on spray area. The spray area developed as exponential curves with spray tip penetration. From Figure 8a , it can be seen clearly that the spray area increased with the increase of injection pressure due to the enlargement both in spray tip penetration and spray angle, as discussed previously. Comparing Figure 8a ,b, it was clear that the difference between spray areas at different injection pressures decreased significantly with the increasing ambient pressure. As shown in Figure 8c , identical tip penetration corresponded to a larger spray area with the increase of ambient pressure. This was mainly because the higher resistance produced by increasing ambient pressure forced the droplets to move radially outwards instead of forward, resulting in a larger spray angle. At the same time point, the spray area increased from 0.1 to 0.3 MPa due to the increasing spray angle resulting from the increasing flow through the nozzle, but decreased from 0.3 to 0.9 MPa gradually, as the continuously increasing ambient pressure restrained the development of both spray tip penetration and spray angle.
Spray Volume
The spray volume was the volume of atomization, which acted an important role in evaluating the quality of fuel-air mixing. The spray volume was calculated through the following equation [16] :
In the above equation, S is the spray tip penetration and θ is the spray angle. The calculated spray volume for BD80 is shown in Figure 9 . To eliminate the influence of injection timing on spray volume, instead of time after SOI, the spray tip penetration acted as the abscissa axis.
The spray volume developed as exponential curves with spray tip penetration, faster than the spray area. It was indicated from Figure 9a that under a certain ambient pressure, the higher the injection pressure was, the larger the spray volume presented at the same tip penetration. This was because that the increasing injection pressure pushed forward the jet as well as strengthened the atomization, resulting in the longer tip penetration and larger spray angle, and then further increased the spray volume. Combining Figure 9a ,b, we can see that as the ambient pressure increased, the difference of volumes between different injection pressures decreased significantly. As shown in Figure 9c , when the ambient pressure increased, the same spray volume corresponded to a shorter tip penetration, which was mainly caused by the larger spray angle under a higher ambient pressure. For the same time point, the spray volume increased from 0.1 to 0.5 MPa, but decreased from 0.5 to 0.9 MPa gradually. This may be because that the increasing flow led to an increase of the spray angle at early pressurization, however, as time elapsed, the continuously increasing ambient pressure impeded both penetrating and break-up of the jet, and further leading to the decrease of spray volume at the same time point. 
Conclusions
Experimental macroscopic spray characteristics of biodiesel derived from drainage oil and its BD0, BD20, BD50, BD80, BD100 blends with diesel were obtained under different injection pressures and ambient pressure conditions in a constant volume spray chamber. The characteristic data was extracted from the spray images grabbed by a high speed visualization system. Based on the results of this study, we can make the following observations:
(1) The spray tip penetration, peak of average tip velocity, spray area and spray volume increased with the increase of the injection pressure. The spray angle and average angle were insensitive to the injection pressure and showed a slight increase. (2) The spray tip penetration, and peak average tip velocity decreased with the increase of the ambient pressure. The spray angle, average angle increased significantly with the increasing ambient pressure, resulting in a shorter and wider spray shape. (3) The spray tip penetration presented little variation with the increase of the blend ratio.
However, the spray angle and average angle decreased slightly, and the spray shape became narrower. 100% diesel gave a larger spray angle and average angle compared with other fuels.
(4) As time elapsed, the spray tip penetration increased rapidly during the early injection stage followed by a gradual smoothing process later, the spray angle remained stable, the spray shape became longer and wider, and the average tip velocity presented a sharp increase following SOI, then decreased rapidly after the peak spray tip velocity and finally remained stable. (5) The spray area and spray volume increased significantly with the increasing spray tip penetration. (6) Among the physical properties affecting the spray characteristics, viscosity and surface tension were main ones, which inhibited the breakup of liquid jet and atomization. In the present study, viscosity and surface tension of the blend fuels increased with the increase of blend ratio.
